The anticancer activity of δ-tocotrienol, a bioactive vitamin E present in whole grain cereals, annatto beans, and palm fruit, is strongly dependent on its effect on the induction of apoptosis. δ-Tocotrienol-induced apoptosis is associated with consistent induction in the expression of the proapoptotic protein Bax. The molecular mechanism by which δ-tocotrienol regulates Bax expression is unknown. We carried out a DNA microarray study that identified δ-tocotrienol induction of the zinc finger transcription factor, EGR-1, in pancreatic cancer cells. Here, we provide evidence linking δ-tocotrienol-induced apoptosis in pancreatic cancer cells to EGR-1 regulation of Bax expression. Forced expression of EGR-1 induces Bax expression and apoptosis in pancreatic cancer cells. In contrast, knockdown of δ-tocotrienol-induced EGR-1 by small interfering RNA attenuated δ-tocotrienol-induced Bax expression and reduced δ-tocotrienol-induced apoptosis. Further analyses showed that de novo protein synthesis was not required for δ-tocotrienol-induced EGR-1 expression, suggesting a direct effect of δ-tocotrienol on EGR-1 expression. Furthermore, a ChIP assay demonstrated that EGR-1 binds to the Bax gene promoter. Finally, δ-tocotrienol Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
Introduction
Tocotrienols, the unsaturated forms of vitamin E, are some of the most bioactive anticancer constituents in whole grain food [1, 2] . Recently, tocotrienols have been the focus of preclinical studies and early-phase clinical trials due to their anticancer activity. Our group recently showed that vitamin E δ-tocotrienol is the most bioactive tocotrienol against pancreatic cancer [3] . In addition to augmenting the activity of gemcitabine in pancreatic cancer xenografts, we recently showed that δ-tocotrienol prolonged the survival and prevented the development of pancreatic cancer in the LSL-Kras G12D/+ ;Pdx-1-Cre and the LSL-Kras G12D/+ ;Pdx-1-Cre; LSL-Trp53 R172H/+ genetically engineered models of pancreatic cancer [4, 5] . Treatment with δ-tocotrienol leads to inhibition of tumor growth and induction of tumor apoptosis [3] [4] [5] [6] . Such effects have been reported to involve the interaction of δ-tocotrienol with apoptotic signaling pathways.
We have previously reported that the pro-apoptotic effect of δ-tocotrienol involves modulation of the B cell lymphoma-2 (Bcl-2) family proteins [3, 4] . The Bcl-2 family proteins, which include both anti-and pro-apoptotic proteins, are key regulators of the apoptotic signaling pathway [7] [8] [9] [10] . The intrinsic apoptotic pathway can be activated by a range of stress stimuli, including ultraviolet radiation, heat, most DNA-damaging agents, growth factor deprivation, and some anticancer bioactive food components. These diverse stressors interact with multiple intracellular components that relay the signal to the mitochondria, resulting in mitochondrial outer membrane depolarization (MOMP). MOMP prompts apoptogenic proteins such as cytochrome c, which are normally confined to the mitochondrial intermembrane space, to diffuse into the cytosol. In the cytosol, the apoptogenic factors interact with various cellular components to initiate the death-inducing caspase cascade [10, 11] . MOMP is considered the critical event in the apoptotic signaling pathway that commits the cell to apoptosis. Therefore, the Bcl-2 family proteins serve as an "apoptotic switch" by turning MOMP on or off. In general, the relative ratio of pro-and anti-apoptotic Bcl-2 family proteins in a cell determines whether MOMP occurs and therefore whether the cell undergoes apoptosis [10] . Thus the regulation of the expression and function of Bcl-2 proteins is critical in mediating cell death. Disruption of the balance between pro-and anti-apoptotic Bcl-2 proteins can render cells resistant to apoptotic stimuli, thereby promoting cancer cell development and progression [12] . Both suppressed expression of pro-apoptotic members and overexpression of anti-apoptotic members have been reported in various cancers [3, 4, 9, 10] . Understanding how bioactive food components such as δ-tocotrienol modulate these proteins will give further insight into developing strategies to target dysregulation of apoptosis in cancer using bioactive anticancer micronutrients.
In pancreatic cancer cells, δ-tocotrienol has been shown to both suppress the expression of anti-apoptotic members of the Bcl-2 family proteins, such as Bcl-2 and Bcl-2-related gene long isoform (Bcl-xl), and increase the expression of a prominent pro-apoptotic member of the Bcl-2 family protein, Bcl-2-associated X protein (Bax) [3] [4] [5] . Bax is ubiquitously expressed in all tissues; however, in many cancer cells including pancreatic cancer cells, Bax is down-regulated while Bcl-2 is up-regulated, leading to the pronounced imbalance between the pro-apoptotic and anti-apoptotic Bcl-2 members and to a dramatic increase in Bcl-2-to-Bax ratio and thus decreased sensitivity to apoptosis [4, 5, 9, 10] . Several studies have demonstrated a role for transcriptional regulation in Bax expression. The transcription factors p53, EGR-1, Id3, ELK-1, and Runx2 have been shown to activate the Bax gene [13] [14] [15] [16] [17] [18] [19] [20] . To examine the role of these pathways in the regulation of δ-tocotrienol function, genes induced or repressed by δ-tocotrienol were determined in a pancreatic cancer cell model using cDNA microarray technology. In this report, we show that the immediate early gene, EGR-1, is constitutively expressed in pancreatic cancer cells and further induced in response to δ-tocotrienol. Furthermore, we show that EGR-1 induces Bax expression. δ-Tocotrienolinduced EGR-1 expression results in the induction of apoptosis, which is mediated in part by activation of the pro-apoptotic proteins Bax.
Materials and methods

Materials and animals
α-, β-, γ-, and δ-Tocotrienols and α-, β-, γ-, and δ-tocopherols were kindly provided as a gift by Davos Life Sciences (Helios, Singapore). EGR-1, β-actin, Bcl-2, Bax, XIAP, survivin, cIAP-1, and phospho-c-Jun antibodies were purchased from Cell Signaling Technology (Danvers, MA) or from Santa Cruz Biotechnology (San Diego, CA). PCMV6-EGR-1 plasmid and pCMV6-vector were purchased from OriGene Technologies (Rockville, MD). siRNA targeting EGR-1 and control siRNA were purchased from Sigma-Aldrich (St. Louis, MO). Other materials included the MAGnify Chip system (Invitrogen, Carlsbad, CA) and Bax promoter with luciferase reporter (Switch Gear Genomics, Menlo Park, CA). All chemicals were purchased from Sigma-Aldrich unless otherwise specified. LSL-Kras G12D and PDX-1-Cre mice were obtained from the National Cancer Institute Mouse Models of Human Cancers Consortium (Frederick, MD). All animal studies were approved by our Institutional Animal Care and Use Committee, following the guidelines of the American Association for the Assessment and Accreditation of Laboratory Animal Care.
Transfection of siRNAs and plasmids
Cells were seeded in six-well plates at a concentration of 1×10 5 and cultured in medium without antibiotics approximately 24 hours before transfection. Cells were transiently transfected with siRNA targeting EGR-1 or control (scramble) siRNA at 100 nM final concentration, pCMV6-EGR-1 plasmid, Bax promoter with Luciferase reporter, or pCMV6-vector at 2-4 μg/well. The siRNA, plasmid, and promoter transfections were carried out using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol.
Cell viability assay
Cell viability was determined at 72 hours by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltertrazolium bromide (MTT) assay. Cells (5×10 3 cells per well) were grown overnight in 96-well plates. Fresh medium (200 μL) with different doses of δ-tocotrienol or ethanol was added and incubated at 37°C at 5% CO 2 for 72 hours. After 72 hours of incubation, MiaPaCa-2 and Panc-1 cells were incubated for an additional 4 hours with 20 μL MTT (5 mg/mL). The supernatant was then removed, and 150 μL DMSO was added. Absorbance at490 nm was measured with a microplate reader.
Terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay
MiaPaCa-2 cells were cultured on four chamber coverslips (NUNC, Logan, UT) for 12 hours, with cell density of 1×10 5 per slide. Cells were treated with δ-tocotrienol (50 μM) or ethanol for 12 hours. To measure DNA fragmentation, the commercially available in situ death detection kit (Roche Diagnostics, Indianapolis, IN) was utilized. Nuclear apoptosis is accompanied by segmentation of the nucleus into dense nuclear parts that are further distributed into apoptotic bodies. These DNA breaks can be visualized by FITC-labeled staining. Slides were mounted in a mounting medium (Vectashield, Burlingame, CA) for fluorescence imaging. Images were captured with an immunofluorescence microscope at 63×1.4 oil magnification.
Annexin V-FITC/propidium iodide staining assay
The Annexin V-FITC/propidium iodide assay was performed using a commercial kit (BD Bioscience, San Jose, CA). Briefly, cells were washed twice with PBS and incubated in 500 μL binding buffer containing Annexin V-FITC and propidium iodide in the dark for 10 minutes at room temperature. The stained samples were then analyzed on a FACSort flow cytometer as instructed by the manufacturer (BD Bioscience).
Microarray assay
We conducted global gene expression analyses with RNA prepared from MiaPaCa-2 cells exposed to 50 μmol/L δ-tocotrienol or ethanol for 3 hours. Total RNA was isolated using the
Real-time PCR assay
Total RNA was extracted with the RNeasy Mini Kit and reverse-transcribed with iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) to form cDNA. To amplify transcripts, the cDNA was subjected to a SYBR green-based method for real-time polymerase chain reaction (PCR) relative quanti cation using QuantiTect Primer Assays systems (Qiagen). Real-time PCR was performed on an ABI PRISM 7900 analytical thermal cycler (Applied Biosystems, Carlsbad, CA) according to the manufacturer's recommendations. The mRNA expressionlevel was calculated relative to the level of β-actin.
Chromatin immunoprecipitation assay
The ChIP assay was performed in MiaPaCa-2 cells using MAGnify Chromatin Immunoprecipitation System (Invitrogen, Carlsbad, CA) as per the manufacturer's instructions. Briefly, the treated cells in dishes were cross linked using 37% formaldehyde (final concentration 1%) at room temperature for 10 minutes. The reaction was stopped with 1.25 M glycine for 10-minute incubation at room temperature. The cells were washed with cold PBS and harvested using a scraper into 1.5-mL tubes on ice. The cells were centrifuged, and the pellet was lysed using lysis buffer containing protease inhibitors. Chromatin was sheared using Branson Sonifier 450 (VWR Scientific, Arlington Heights, IL). Sheared chromatin was diluted with dilution buffer containing protease inhibitors. The EGR-1 antibody was coupled with magnetic Dynabeads, and beads were treated with sheared chromatin for binding for 2 hours followed by washing 3 times with washing buffer. The crosslinking was reversed using reverse crosslinking buffer and proteinase K. DNA was purified using DynaMag-PCR magnet and buffers. PCR was performed using primers for Bax promoter (5′-GCCTGGGCAACACAGTGAG-3′ and 5′-GCAATCATCCTCTGCAGCTCCAT-3′) that yielded 500-bp products. For control PCR reaction, β-actin gene was used. The primers sequences were: 5′-GATGACCTGGCCGTCAGGCAGCTCATA-3′ and 5′-ACGTAGCCATCCAGGCTGTGCTGTCCC-3′.
Luciferase reporter assay
MIAPaCa-2 cells were seeded in 6-well plates at 2×10 5 cells/well. Each well was transfected the following day with 2 μg of Bax promoter with luciferase reporter (Switch Gear Genomics, Menlo Park, CA). Lipofectamine 2000 was used as the transfection reagent as per manufacturer's instructions. After 48-hour transfection, the cells were treated with δ-tocotrienol (50 μM) for 6 hours and 5% ethanol as vehicle. Lysates were prepared using RIPA buffer and collected in tubes. Luciferase activity was measured by the luciferase assay system kit (Promega).
Western blot analysis
Cells in each dish, including dead cells floating in medium, were harvested and lysed in sampling buffer. Protein concentrations of the lysates were determined using the bicinchoninic acid protein assay kit (Pierce Biotech, Rockford, IL). An aliquot of the denatured supernatant containing 40 μg of protein was subjected to sodium dodecyl sulfatepolyacrylamide gel electrophoresis and then transferred to polyvinylidene fluoride membranes. Membranes were blocked with blocking buffer (TBST, containing 5% non-fat milk) for 1 hour at room temperature. Membranes were then incubated overnight at 4°C with the primary antibodies (EGR-1, β-actin, Bcl-2, Bax, XIAP, survivin, cIAP-1, and phospho-cJun). After blots were washed, they were incubated with horseradish peroxidase-conjugated secondary antibody IgG (1:2,000) for 1 hour at room temperature. The washed blot was then treated with SuperSignal West Pico chemiluminescent substrate (Pierce Biotech) for positive antibody reaction. Membranes were exposed to X-ray film for visualization and densitometric quantization of protein bands using AlphaEaseFC software (Alpha Innotech, Santa Clara, CA).
DNA binding activity by ELISA assay
The DNA binding activity of EGR-1 was detected by enzyme-linked immunosorbent assay (ELISA) with the transcription factor ELISA kit (Panomics, Santa Clara, CA) according to the manufacturer's instructions. In brief, nuclear extracts were prepared and incubated in 96-well plates coated with immobilized oligonucleotide (5′-GCGGGGGCG-3′) containing an EGR-1 binding site and quanti ed at 450 nm with a reference wavelength of 655 nm. Each sample was analyzed in duplicate, and results are reported as means ± SEM.
Cell death ELISA assay
Cell death as a result of apoptosis was quantified by measuring mono-and oligonucleosomes released using the Cell Death Detection ELISA kit (Roche, Indianapolis, IN) following manufacturer's instructions. Briefly, cells were seeded in 6-well plates and treated with δ-tocotrienol, siRNA target EGR-1, siRNA-control, pCMV6-EGR-1 plasmid, and pCMV6-vector or combined δ-tocotrienol with siRNA or pCMV6-EGR-1, respectively, for 12 hours at 37°C. Cells were lysed in buffer for 30 minutes at 25°C, and the supernatant was diluted 1:10 with incubation buffer and then transferred into the MP-modules. The conjugate solution and substrate solution were added following the protocol. Absorbance was read in a microplate reader at 405 nm. Experiments were performed in triplicate.
Conditional Kras G12D mouse model of pancreatic cancer
LSL-Kras G12D and PDX-1-Cre mice were maintained as heterozygous lines and crossed and bred in our institutional vivarium. Tail snips, harvested from offspring of LSL-Kras G12D and PDX-1-Cre mice, were digested overnight, and genomic DNA was extracted and estimated using the DNAeasy kit (Qiagen, Gaithersburg, MD), with genotyping analysis performed with the following primers: PDX-forward = 5′-CTGGACTACATCTTGAGTTGC-3′, PDXreverse = 5′-GGTGTACGGTCAGTAAATTTG-3′, Kras-forward = 5′-AGGTAGCCACCATGGCTTGAGTAAGTCTGCA-3′, and Kras-reverse = 5′-CCTTTACAAGCGCACGCAGACTGTAGA-3′.
LSL-Kras G12D
/+ x Pdx-1-Cre mice were randomized as follows: 1) no treatment control (n = 34), 2) vehicle (ethanol-extracted olive oil, 1.0 mL/kg twice a day by oral gavage) (n = 27), and 3) δ-tocotrienol (200 mg/kg twice per day by oral gavage) (n = 31), with treatment started at 10 weeks of age and continued for 12 months. After 12 months of treatment, animals were euthanized and pancreatic tissues were frozen in liquid nitrogen and fixed in buffered formalin for Western blot and immunohistochemistry, respectively.
Immunohistochemistry
Immunohistochemistry was performed using the Ventana Discovery XT automated system (Ventana Medical Systems, Tucson, AZ) per manufacturer's protocol with proprietary reagents. Briefly, slides were deparaffinized on the automated system with EZ Prep solution. Sections were heated for antigen retrieval. For immunohistochemistry, tissue sections were incubated with EGR-1, Bax, and β-actin antibody. Detection was performed using the Ventana OmniMap kit.
Statistical analysis
Each experiment was repeated at least three times. Data are presented as means ± SD. Statistical comparisons were performed using Student's and unpaired t-tests or one-way analysis of variance (ANOVA) where appropriate. A P value of ≤ 0.05 was considered statistically significant.
Results
δ-Tocotrienol suppresses cell growth and increases apoptosis in pancreatic cancer cells by 12 hours
A number of studies indicate that δ-tocotrienol exhibits anti-tumorigenic activity in pancreatic cancer cells [3, 6, 21, 22] . To determine the dose and time of exposure to use in our δ-tocotrienol gene expression experiments, we evaluated the effects of δ-tocotrienol on exponentially growing pancreatic cancer cells. MiaPaCa-2 and Panc-1 human pancreatic cancer cells were treated in the presence of various concentrations (0-100 μM) of δ-tocotrienol for 72 hours, and the cell viability rate was measured using MTT assay. δ-Tocotrienol significantly (P<0.001) decreased the cell viability of MiaPaCa-2 cells in a dose-dependent manner ( Figure 1A ). The inhibitor concentrations required for 50% inhibition of cell proliferation (IC 50 ) values was about 50 μM for MiaPaCa-2 cells. We subsequently used MiaPaCa-2 cells in the rest of the experiments using IC 50 (50 μM) of δ-tocotrienol. To determine whether the growth inhibition by δ-tocotrienol was associated with the induction of apoptosis, annexin V/propidium iodide flow cytometry and TUNEL analyses were performed with 50 μM of δ-tocotrienol. As shown in Figure 1B and 1C, we confirmed the induction of apoptosis of MiaPaCa-2 cells by δ-tocotrienol. Results in Figure  1D indicate that induction of cell death was clearly observed at 12 hours but not by 6 hours or earlier of exposure.
Microarray analysis of δ-tocotrienol-inducible genes in MiaPaCa-2 cells
To identify genes that were induced by δ-tocotrienol in MiaPaCa-2 cells, we cultured MiaPaCa-2 cells with or without δ-tocotrienol (50 μM) for 3 hours. This short exposure time point was selected because it is a time point prior to any visible signs of δ-tocotrienolinduced apoptosis ( Figure 1D ). Total RNA was extracted and subjected to microarray analysis using Affymetrix human U133 plus 2.0 GeneChips. By using the GeneChips analysis suite, we sorted the genes that were called "present" in control MiaPaCa-2 cells and were either up-regulated or down-regulated by greater than one-fold after treatment with δ-tocotrienol in three independent experiments (Table 1) . Seven genes were up-regulated and 7 genes were down-regulated by δ-tocotrienol in all 3 experiments. The modulation of the genes identified by the microarray analysis was confirmed by quantitative real-time reverse transcription PCR (RT-PCR; Table 1 ). In 10 of the 14 genes examined, the RT-PCR data were consistent with the GeneChips data, demonstrating that our microarray analysis was reliable.
δ-Tocotrienol induces EGR-1 in MiaPaCa-2 cells
The gene showing the highest fold induction following 3-hour treatment with δ-tocotrienol was EGR-1 (2.21-fold), which was further confirmed in MiaPaCa-2 cells by Western blot analysis. As shown in Figure 2A and 2B, although EGR-1 protein levels were negligible in untreated MiaPaCa-2 cells, δ-tocotrienol treatment resulted in markedly up-regulated EGR-1 expression in a dose-and time-dependent manner. Among four tocotrienols, only 3 tocotrienols (β, γ, δ) have inhibitory activity against pancreatic cancer cells. We tested all of the 8 vitamin E compounds (α-, β-, γ-, and δ-tocopherols and α-, β-, γ-, and δ-tocotrienols) for their ability to induce EGR-1 in MiaPaCa-2 cells. Only β-, γ-δ-tocotrienols were able to induce EGR-1 protein (Figure 2C Figure 2D ). Experiments were done to determine whether the δ-tocotrienol-dependent increase in EGR-1 mRNA is a primary response or requires ongoing protein synthesis. MiaPaCa-2 cells were treated with cycloheximide (10 μM) for 30 minutes followed by δ-tocotrienol (50 μM) for 1, 3, 6, and 12 hours. Real-time RT-PCR showed that the expression profile of EGR-1 following δ-tocotrienol was not perturbed by pretreating the cells with cycloheximide, indicating that de novo protein synthesis was not required for δ-tocotrienol to exert its effect ( Figure 2E ) and suggesting a direct transcriptional regulation of EGR-1 by δ-tocotrienol.
δ-Tocotrienol interacts with EGR-1 to induce Bax expression and promote apoptosis in pancreatic cancer cells
To further explore the precise mechanism by which δ-tocotrienol-mediated EGR-1 expression induces pancreatic cancer cell apoptosis, we used Western blot analyses to examine the expression of potential EGR-1 target proteins, the anti-apoptotic protein Bcl-2 and pro-apoptotic protein Bax, and IAP family proteins (cIAP1, XIAP, and survivin). After a short (12-hour) exposure to δ-tocotrienol, EGR-1 and Bax were consistently and significantly (P<0.05) up-regulated in MiaPaCa-2 cells (Figure 3A and 3B) . In contrast, there were no significant consistent alterations of Bcl-2, survivin, XIAP, or cIAP1 in these cell lines after 12 hours of δ-tocotrienol exposure ( Figure 3A and 3B) . These data suggest that δ-tocotrienol-induced EGR-1 expression is temporarily associated with up-regulation of Bax. In addition, δ-tocotrienol treatment markedly induced Bax promoter activity and expression of Bax in control MiaPaCa-2 cells, but not in MiaPaCa-2 cells with EGR-1 knockdown using siRNA ( Figure 3C ). Furthermore, forced expression of EGR-1 in MiaPaCa-2 cells using EGR-1 cDNA demonstrated corresponding induction of Bax expression using Western blot ( Figure 3D ). Taken together, these data strongly suggest that δ-tocotrienol induction of EGR-1 expression results in increased expression of Bax with subsequent induction of apoptosis. δ-Tocotrienol increased Bax promoter enrichment after EGR-1 chromatin immunoprecipitation compared to vehicle in MiaPaca-2 cells (Figure 3E 
Suppression of EGR-1 reduces δ-tocotrienol-induced apoptosis and Bax promoter activity in MiaPaCa-2 cells
To evaluate the role of EGR-1 in δ-tocotrienol-mediated apoptosis induction, we applied siRNA to silence EGR-1 expression ( Figure 4A) . To test the effect of EGR-1 suppression on δ-tocotrienol-mediated cell death, MiaPaCa-2 cells were transfected with either control siRNA (scramble siRNA) or EGR-1 siRNA and grown either in the presence or absence of δ-tocotrienol (50 μM) for 12 hours. Their survival rate was determined by cell death ELISA.
As expected, δ-tocotrienol treatment resulted in a marked induction in cell apoptosis in the control-transfected cells ( Figure 4B ). On the other hand, the responsiveness to δ-tocotrienol, although not completely extinguished, was significantly reduced in MiaPaCa-2 cells transfected with the EGR-1 siRNA ( Figure 4B ). δ-Tocotrienol treatment resulted in a marked induction of Bax promoter activity in the control siRNA-transfected cells ( Figure  4C ). On the other hand, the responsiveness to δ-tocotrienol, although not completely extinguished, was significantly reduced in MiaPaCa-2 cells transfected with the EGR-1 siRNA ( Figure 4C ). These results indicate that EGR-1 plays a major role in δ-tocotrienolmediated increased apoptosis through induction of Bax in MiaPaCa-2 cells.
Forced expression of EGR-1 inhibits the survival of MiaPaCa-2 cells
Further studies explored the biological function of EGR-1 in pancreatic cancer cells. We transiently transfected the EGR-1 expression vector into MiaPaCa-2 cells. Cell death ELISA showed that MiaPaCa-2 cells transfected with pCMV6-EGR-1 displayed increased apoptosis compared with the control MiaPaCa-2 cells transfected with the same amount of pCMV6 empty vector ( Figure 5A ). Western blot analysis showed that EGR-1 levels in the transiently transfected MiaPaCa-2 cells were comparable with levels in the δ-tocotrienol-treated MiaPaCa-2 cells ( Figure 5B ). Our results indicate that EGR-1 plays a major role in the induction of apoptosis in pancreatic cancer cells.
δ-Tocotrienol induces EGR-1 and Bax expression in the pancreatic neoplastic tissue of conditional Kras G12D mouse model
Recently, we found that δ-tocotrienol prolongs the survival and prevents pancreatic cancer in LSL-Kras G12D/+ ;Pdx-1-Cre and LSL-Kras G12D/+ ;Pdx-1-Cre; LSL-Trp53 R172H/+ mice [4, 5] . To determine whether δ-tocotrienol modulates EGR-1 and Bax in vivo, we examined the effects of δ-tocotrienol on EGR-1 and Bax expression in the pancreatic tumor tissue of LSLKras G12D/+ ;Pdx-1-Cre mice using Western blot ( Figure 5C ) and immunohistochemistry ( Figure 5D ). δ-Tocotrienol treatment significantly induced EGR-1 and Bax expression in pancreatic tumors compared with that shown in control vehicle or no treatment groups ( Figure 5E and 5F). Furthermore, consistent with our in vitro data, δ-tocotrienol-induced EGR-1 expression in pancreatic tumors is associated with increased Bax expression as well as with induction of apoptosis. These data support the concept that δ-tocotrienol-induced apoptosis is directly related to induction of EGR-1 and Bax expression.
Discussion
Vitamin E δ-tocotrienol, a natural vitamin E available in whole grains and cereals, has gathered much attention as a potential chemopreventive and/or chemotherapeutic agent [5, [23] [24] [25] . Numerous studies, utilizing in vitro and in vivo model systems, have illustrated δ-tocotrienol's capacity to inhibit carcinogenesis and modulate a multitude of signaling pathways associated with cellular growth, apoptosis, angiogenesis, and metastases [3, 4, 6, 26, 27] . However, the underlying molecular mechanisms involved in the anti-tumorigenic activities of δ-tocotrienol, especially in pancreatic cancer, are complex and remain poorly defined. This study sought to investigate the effect of δ-tocotrienol on gene modulation in MiaPaCa-2 human pancreatic cancer cells in order to identify a novel target that may mediate the anticancer activities of this compound and to determine the mechanism involved in its regulation. Our study identified EGR-1 as being an early gene induced by δ-tocotrienol.
The family of EGR proteins encompasses four zinc finger transcription factors termed EGR-1, EGR-2, EGR-3, and EGR-4. All four EGR proteins exhibit a homologous domain structure, indicating that the functions of these proteins are similar. The EGR proteins contain an extended transcriptional activation domain on the N-terminus and a DNA binding domain, consisting of three zinc finger motifs toward the C-terminus. EGR proteins preferentially bind to the GC rich sequence 5′-GCGGGGGCG-3′, which is very similar to the DNA binding domain of the transcription factor Sp1 [28] . Although genes where competition for EGR-1 and Sp1 binding in composite GC rich DNA binding sites have been identified, there are also genuine EGR-1 and Sp1 controlled target genes showing no crossregulation of EGR-1 or Sp1 through the same binding site [29] . Additional regulatory complexity of the EGR transcription factors is indicated by an inhibitory domain located between the activation and DNA binding domain of the EGR-1, EGR-2, and EGR-3 proteins that functions as a binding site for the transcriptional co-repressor proteins NGFI-A binding proteins 1 and 2 (NAB1 and NAB2) [30] [31] [32] . Both NAB1 and NAB2 block the biological activity of EGR-1. Thus, induction of transcription of the EGR-1 gene may have no biological effect when the transactivation function of EGR-1 is neutralized by NAB1 or NAB2. Many biological functions have been attributed to EGR proteins, including control of neuronal cell death [33] , neuronal plasticity [34] , proliferation [35] , reproduction [36] , T cell differentiation [37] , macrophage maturation [38] , myelination [39] , inflammation [40] , ossification [41, 42] , and muscle spindle formation [43, 44] . EGR-1 has also been connected to the development of human cancers.
The functions of EGR-1 in oncogenesis have been contradictory with reports of both oncogenic and tumor-suppressive functions in tumor cells. On the one hand, high levels of EGR-1 expression have been observed in human prostate cancers and gastric cancers, with the increased EGR-1 expression correlated with advanced stages of malignancy and poor prognosis [45, 46] . Moreover, tumor progression in transgenic mouse models of prostate cancer was reported to be significantly impaired when EGR-1 was not expressed [47] . EGR-1 has been reported to inhibit apoptosis and enhance tumor growth in addition to inducing metastasis related factors in vitro, such as the VEGF receptor, flt1, and MMP, indicating that EGR-1 might act as a master protein in directing invasion and metastasis during cancer progression [48, 49] . These observations would suggest that EGR-1 functions as an oncogene in cancer cells. On the other hand, many reports also indicate that EGR-1 acts as a tumor-suppressor gene. EGR-1 is down-regulated in several types of neoplasia and in an array of tumor cell lines. It induces cell growth arrest and apoptosis and is an important factor involved in neuronal apoptosis [50] [51] [52] [53] . The contradictory functions of EGR-1 in cancer indicate that the consequences of EGR-1 over-or under-expression might be different, depending on cell context. The varied function of EGR-1 may be dependent on expression of other members of the EGR-1 family, Sp transcription factors, EGR-1 binding repressors, and other factors that are yet to be identified. EGR-1 has been shown to have a dichotomous function in the human pancreas. Experimental data demonstrate both a proliferative (insulinoma cells and pancreatic β-cells) and proapoptotic (exocrine pancreatic cancer cells) role of EGR-1 in the pancreas. EGR-1 expression is induced in insulinoma cells and pancreatic β-cells following stimulation with either glucose or pregnenolone sulfate [43, 54, 55] . Recent studies have shown that EGR-1 controls insulin biosynthesis via binding to the regulatory region of the pancreatic duodenal homeobox-1 (PDX-1) gene, which encodes a major regulator of insulin gene transcription [56, 57] . RNA interference experiments performed with insulinoma cells suggest that EGR-1 regulates glucose-induced proliferation in vitro [58] . EGR-1 also regulates cyclin D1 expression in exendin-4-stimulated insulinoma cells, suggesting that EGR-1 is an essential regulator of the cell cycle in these cells [59] . In addition, Pdx-1 has been shown to stimulate cell replication in pancreatic β-cells, implying that EGR-1 may influence cell proliferation via activating Pdx-1 expression [60] . Transgenic mice expressing a dominant-negative mutant of EGR-1 had significantly smaller pancreatic islets and elevated caspase 3/7 activity, suggesting that reduced proliferation and enhanced cell death may be responsible for the reduction of the islet size in mice that have genetic inhibition of EGR-1 protein function [61] . These results demonstrate that EGR transcription factors are crucial regulators of pancreatic β-cells in controlling insulin biosynthesis, glucose homeostasis, and proliferation. The biological role of EGR-1 in promoting growth and proliferation has also been observed in many cell types in response to mitogens such as T cells [62] , astrocytes [63] , glioma cells [64] , glomerular mesangial cells [65] , and keratinocytes [66] . In contrast to the function of EGR-1 as a growth-promoting protein in pancreatic β-cells, there are several reports describing EGR-1 as a pro-apoptotic protein in pancreatic exocrine carcinoma cells. Genistein, a component of soybeans, was noted to inhibit the growth of human pancreatic cancer (Panc-1) cells and induce the expression of EGR-1 in these cells [67] . α-Bisabolol, a sesquiterpene alcohol found in essential oils derived from a variety of plants, was found to induce EGR-1 in human pancreatic cancer cell lines (KLM1, KP4, Panc-1, and MiaPaca-2) and to inhibit the growth and viability of these cells as well as induce apoptosis [68] . Moreover, the study showed that inhibition of the α-bisabololinduced EGR-1 expression by EGR-1 siRNA in KLM1 cells rescued these cells from α-bisabolol-induced apoptosis. Methyl 2-cyano-3, 11-dioxo-18β-olean-1,12-dien-30-oate (CDODA-Me), a synthetic triterpenoid derived from glycyrrhetinic acid, a bioactive phytochemical in licorice, was shown to induce apoptosis in Panc-1 and Panc-28 human pancreatic cancer cells [69] . This induction of apoptosis was accompanied by induction of EGR-1. It is interesting that several natural products with anticancer activities have been demonstrated to induce apoptosis in cancer cells via EGR-1 induction. For example, green tea catechin, epicatechin gallate [70] , and resveratrol [71] have been shown to induce apoptosis and activate EGR-1 in colorectal cancer cells. The results of our study add vitamin E δ-tocotrienol to the list of natural compounds that induce EGR-1 in cancer cells with mechanistic data.
To elucidate the molecular mechanism by which δ-tocotrienol induces EGR-1 expression, the promoter region spanning −1704 to +21 bp was assessed by luciferase assay in response to δ-tocotrienol. We found that δ-tocotrienol transactivated the EGR-1 promoter and identified putative response elements located within the −875 to −163 bp region (Supplemental Figure S1A) . Five SREs that bind serum response factor and ternary complex factors (TCFs) such as ELK-1 or SAP-1 have been identified in this region of the EGR-1 promoter [72, 73] . Since previous studies have found that JNK and c-Jun are required for the induction of EGR-1 gene and c-Jun was noted to be induced by δ-tocotrienol [74] , we investigated the role of c-Jun in δ-tocotrienol-induced EGR-1 expression. We demonstrated in MiaPaca-2 human pancreatic cancer cells that δ-tocotrienol-induced EGR-1 expression was associated with phosphorylated c-Jun induction and that δ-tocotrienol EGR-1 expression was suppressed by the JNK inhibitor SP 600125 (Supplemental Figure S1B ). These data indicate that induction of EGR-1 expression by δ-tocotrienol is at least in part under the control of the JNK-c-Jun pathway. In addition to the JNK-c-Jun pathway inducing EGR-1 expression, EGR-1 is also known to bind c-Jun directly to augment c-Jun proapoptotic transcriptional activity.
EGR-1 has also been shown to stimulate synthesis of apoptosis mediators via direct promoter activation [20, 75] . EGR-1 acts as a proapoptotic protein, by directly binding to p53, NAG-1, and PTEN promoters. For example, EGR-1 regulates radiation-induced cell apoptosis in solid tumors via p53, PTEN, Bcl-2, and Bax [76] [77] [78] [79] . In our study, EGR-1 was up-regulated and apoptosis was induced in MiaPaCa-2 cells (no PTEN expression, mutated TP53) indicating that pancreatic cancer cell apoptosis induced by δ-tocotrienol-induced EGR-1 did not occur via PTEN or p53. As shown by Western blot analysis in Figure 3A and 3B, increased expression of EGR-1 by δ-tocotrienol is associated with induction of Bax expression, which was reduced by silencing of the δ-tocotrienol-induced EGR-1 expression by siRNA to EGR-1 following δ-tocotrienol treatment. Furthermore, consistent with our in vitro data, δ-tocotrienol-induced EGR-1 expression in pancreatic tumors of LSLKras G12D/+ ;Pdx-1-Cre mice is associated with increased Bax expression as well as with induction of apoptosis ( Figure 5D ). It is of interest that in untreated and control pancreas of this mouse model, EGR-1 has low expression in the cytoplasm and nucleus of acinar cells of the exocrine pancreas, with virtually minimal to no expression in the endocrine pancreas.
Moreover, there appears to be no change in expression when acinar cells transformed into ductal cells in early pancreatic neoplasia, such as with pancreatic intraepithelial neoplasia. However, treatment with vitamin E δ-tocotrienol results in a significant increase in the expression of EGR-1 in the nucleus of acinar cells that are transforming into early pancreatic intraductal neoplasia. These cells also have increased Bax expression. Our in vivo data support the concept that δ-tocotrienol-induced apoptosis in transformed pancreatic ductal cells is directly related to induction of EGR-1 and Bax expression.
Recently, other investigators reported microarray analyses to identify target genes of tocotrienols in breast cancer cells [80, 81] . They used arrays carrying 1176 genes to analyze the effects of tocotrienol-rich fraction (TRF) from palm oil on MCF-7 and MDA-MB-231 human breast cancer cell lines and found only 3 significantly modulated genes that were common to both cell lines (the c-Myc binding protein MM-1, the 23-kDa highly basic protein, and the interferon-inducible protein [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . It is of interest that these investigators observed that EGR-1 was slightly induced by TRF in MCF-7 cells (+1.15) but not in MDA-MB-231 cells (−0.04). We note that, with the exception of EGR-1, the gene expression profiles generated by this study do not overlap with our study. It is likely that the dissimilarities are the result of different tocotrienols used (TRF vs. δ-tocotrienol), cancer cell lines from different tissues (breast vs. pancreas), or shorter exposure times used in our study (3 hours vs. 72 hours). Such results suggest a complex response of cancer cells to tocotrienols, which is dependent on cellular genetic background as well as the purity of the tocotrienol and conditions of exposure. In this study, we used microarray analyses to identify EGR-1 as a potential δ-tocotrienol target gene in conditions in which δ-tocotrienol subsequently caused apoptosis in human pancreatic cancer cells. Knockdown of EGR-1 expression by siRNA significantly reduced the ability of δ-tocotrienol to induce apoptosis in MiaPaCa-2 cells. Furthermore, forced expression of EGR-1 in MiaPaCa-2 cells induced apoptosis, suggesting that EGR-1 behaves as a tumor-suppressive molecule in these human pancreatic cancer cells The other bioactive vitamin E tocotrienols, β-and γ-tocotrienols, were also shown to inhibit growth and induce apoptosis in pancreatic cancer cells [3] . In addition, β-and γ-tocotrienols also induced EGR-1 in MiaPaCa-2 cancer cells. These data suggest that the induction of EGR-1 mediated by β-, γ-, and δ-tocotrienols in MiaPaCa-2 cancer cells correlates with the anticancer activities of these bioactive vitamin E compounds in these cells.
In conclusion, we found the stress-inducible gene EGR-1 as a most highly induced early gene after δ-tocotrienol treatment in human pancreatic cancer cells. Here, we report for the first time the involvement of δ-tocotrienol in transcriptional regulation of EGR-1 and that this regulation is mediated by JNK-c-Jun signaling pathway. We demonstrate that EGR-1 induces the expression of the pro-apoptotic protein Bax in the presence of δ-tocotrienol which facilitates δ-tocotrienol induction of apoptosis in human pancreatic cancer cells in vitro and in vivo. These data provide a novel explanation for the anticancer properties of δ-tocotrienol in pancreatic cancer.
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